A B S T R A C T Pulmonary mechanics were evaluated in 30 patients with acute myocardial infarction by measuring forced expiratory flow rates and total pulmonary resistance (RT) with the oscillometric method at the resonant frequency of the chest (6-8) cycle/s). During the first 3 days after infarction, forced expiratory volume (FEV) and forced mid-expiratory flow rate (FEF25 75%) were 69% and 60% of predicted values, respectively. 10 or more wk later these values were 95% and 91%. Initially, RT was 52% greater than predicted, but was only 4% greater 10 or more wk later. In 11 patients RT was measured at both resonant frequency and at 3 cycle/s. Five of these patients had no clinical signs of heart failure, but nine had abnormally high values of pulmonary artery pressure, "wedge" pressure and pulmonary extravascular water volume. All of these patients recovered. Initially, RT at resonance was 50% and RT at 3 cycle/s was 130% greater than predicted values. 2-3 wk later these figures were -3% and + 6% of those predicted, respectively. At 10 wk or more, significant frequency dependence of RT had disappeared (RT at 3 cycle/s was 7% greater than RT at resonance). Isoproterenol inhalation in six patients caused no change in flow rates, RT at resonance, or RT at 3 cycle/s. RT 
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INTRODUCTION
Hypoxemia is a common finding in patients after acute myocardial infarction (1) (2) (3) (4) (5) (6) . Determination of arterial oxygen pressure (Po2) while patients breathe air or 100% 02, as well as measurements of the physiological dead space, indicate that this hypoxemia results from shunting of blood past unventilated alveoli and uneven distribution of pulmonary ventilation to pulmonary perfusion (7) (8) (9) (10) . In contrast, alveolar hypoventilation is uncommon and, in fact, arterial Pco2 is frequently lower than normal. These patients show little or no impairment in carbon monoxide-diffusing capacity, so that hypoxemia usually cannot be attributed to "alveolar-capillary block" (11) .
The present study was undertaken to define more clearly changes in pulmonary mechanics in patients with acute myocardial infarction. All the patients were studied during the first 3 days after myocardial infarction (acute studies) ; 19 patients had studies of pulmonary mechanics performed 2-3 wk later (early follow-up); and 8 patients were again studied 10 or more wk later (late follow-up). In order to appraise the validity of using the normal values for forced expiratory flow rates (FEF) recently published by Morris, Koski, and Johnson (13), measurements were obtained from 10 normal subjects, 30-58 yr old (mean 43 yr), and from 5 patients, 37 -62 yr old (mean 50 yr) who had been hospitalized with documented myocardial infarction 1 or more ' Abbreviations used in this paper: ASHD, arteriosclerotic heart disease; FDI, frequency dependence index; FEF, forced expiratory flow rate; FEF2575 %, forced mid-expiratory flow rate; FEV, forced expiratory volume; FEV1, FEV in one s; FRC, functional residual capacity; PO2, OXYgen pressure; RT, total pulmonary resistance; RRES,-RT observed at the resonant frequency; R%, RT at 3 cycle/s. FIGURE 1 Diagram of apparatus used to measure pulmonary resistance with the forced oscillometric technique. The speaker generates bidirectional sine wave airflow at frequencies that can be varied from 3 to 9 cycle/s. This airflow is superimposed on the subject's normal breathing pattern. Flow and pressure at the mouth are recorded on the x and y axes of the oscilloscope. Resistance is then a function of the slope of the line connecting the extremes of the loop on the flow axis. Support of the cheeks with the hands did not significantly alter the observed value of RT so that this procedure was not used in this study. yr previously. Initial measurements were obtained with subjects in bed in the sitting position. Follow-up studies were obtained while subjects sat in a chair with the feet elevated by an additional chair of equal height. FEF was Total pulmonary resistance (RT) was measured with the forced oscillometric technique previously described by Fisher, DuBois, and Hyde (14) , with the following modifications: mechanical design of the apparatus closely followed the specifications reported by Hyatt, Zimmerman, Peters, and Sullivan (15) , thereby permitting the patient to breathe comfortably during the procedure (Fig. 1 ). An additional volume of 18 ml of air contained in i-inch rubber tubing was connected with a "T" to the smaller-sized chamber of the differential pressure manometer 3 attached to the pneumotachygraph in order to give adequate frequency response at 9 cycle/s. RT was measured at the patient's resonant frequency (5-8 cycle/s) and in 11 of these patients at 3, 5, 7, and 9 cycle/s. At 3 and 9 cycle/s the display of mouth pressure and flow on the two axes of the x-y storage oscilloscope frequently showed considerable "looping." If looping was present, a line was drawn between the extremes of flow of the individual loop and the angle determined. As described by Frank, Mead, and Whittenberger (16), the tangent of this line is proportional to RT. was recorded. Power to the loudspeaker supplying the oscillating airflow was adjusted to give a flow rate at the mouth that oscillated between +0.5 and -0.5 liter/s. Narrowing of the glottis could be readily detected by a sudden increase in RT. Control values for RT were obtained from the 15 subjects previously mentioned. In six patients, spirometry and pulmonary resistance were measured before and after inhalation of 0.5% isoproterenol in four deep breaths over a 10-min period delivered by a replica of a Dautrebande D-30 nebulizer.4 This method of administration of isoproterenol produces improvement in FEF in patients with asthma (19) . Arterial blood gases were analyzed by previously described methods (19) . Right ventricular, pulmonary artery, and pulmonary wedge pressures were monitored with a Swan-Ganz catheter (20) .
Cardiac outputs were performed by the indocyanihe green dye dilution technique, with injection into the main pulmonary artery and sampling from the brachial artery. From the same injection and sampling site, pulmonary extravascular water volume was determined by the double isotope dilution technique using radio-iodinated serum albumin and tritiated water as indicators (21) . Details of the techniques for measuring cardiac output, vascular pressures, and pulmonary extravascular water volume will be reported separately.
RESULTS
Spirometry. During the first 4 days after acute myocardial infarction, FEF was reduced in the majority of patients (Table I ). The mean forced expiratory volume (FEV) was 69% of predicted, compared to 95% in 10 normal subjects (P < 0.01) and 90% in 5 patients with stable arteriosclerotic heart disease (ASHD) (P < 0.05). The mean forced mid-expliratory flow rate (FEFm-ss%) was 60% of that predicted, compared to control values of 95% in normal (P < 0.01) and 86% int ASHD (P < 0.02). When spirometric studies were repeated 2-3 wk later in 19 patients, mean FEV increased from 69% to 84% of that predicted. This change was significant (P < 0.01). Mean FEF25-7s% increased from 60% to 88% of predicted (P < 0.01) (Fig. 3) . In the eight patients studied 10 or more wk after acute infarction, mean FEV was 95% and FEF25-7s% was 90% of the predicted values. When compared to results obtained during the first 4 days, these changes were significant at the 1% level.
FEV and FEF25-7s% measured 2-3 wk after acute myocardial infarction did not significantly differ from the control values (P < 0.3 and 0.2, respectively).
Total pulmonary resistance (RT). RT was measured at the resonant frequency of the thorax (5-7 cycle/s) in 21 patients during the first 4 days after acute infarction. Mean RT at resonance was 2.5 cm H20/liter/s compared to values in the control patients of 1.6 cm H20/liter/s (P < 0.02). 3 wk later, mean RT at resonance was 1.8, and 10 wk after acute infarction, 1.7 cm H20/liter/s. Compared to the initial values determined in these subjects, these changes were significant (P < 0.05). In 11 of these patients the pulmonary resistance was also measured at frequencies of 3, 5, 7, and 9 cycle/s (Table II) . No significant difference was seen between the resistance measured at resonant frequency and 9 cycle/s (P > 0.2), but a striking elevation of resistance at a frequency of (P < 0.02) (Fig. 4) . 2-3 wk later, RT at 3 cycle/s fell to 1.9 cm H20/liter/s (P < 0.01) and did not differ significantly from the resistance measured at higher frequencies (P > 0.2). 10 or more wk after acute infarction the mean RT at 3 cycle/s was 1.6 cm H20/liter/s, almost identical to the predicted value of 1.7 cm H20/liter/s (P > 0.3) (Fig. 5) . 3 5 7 9 FREQUENCY (cycle/s) FIGURE 6 RT measured at 3, 5, 7, and 9 cycle/s before (continuous line) and after (broken, line) isoproterenol inhalation. Each symbol represents a different patient. Note the absence of change in frequency dependence of the resistance after inhalation of isoproterenol.
Effect of isoproterenol on pulmonary mechanics. After the inhalation of isoproterenol, no consistent change in FEF, RT at resonance, or RT at other frequencies was observed in any patient (Fig. 6 , Table III) .
Frequency dependence index. In order to have a single numerical expression of the frequency dependence of resistance that could be readily compared to other data obtained in these patients, a frequency dependence index (FDI) was devised. It is defined as the difference be- (Fig. 7) . Correlation of alterations in pulmonary mechanics with other findings. The measurements of pulmonary mechanics obtained during the first 3 days after acute myocardial infarction in the 11 patients studied in detail were correlated with measurements of arterial blood gases, pulmonary extravascular water volume, mean pulmonary artery pressure, pulmonary wedge pressure, and pulmonary vascular resistance (Table IV) . The FDI showed a significant correlation (P <0.01) to pulmonary artery pressure but not to pulmonary vascular resistance or pulmonary wedge pressure (Table V) . Pulmonary resistance measured at 3 cycle/s correlated with pulmonary artery pressure and pulmonary wedge pressure (P <0.01), but not with pulmonary vascular resistance. FEV showed a similar correlation with the pulmonary vascular pressures (P < 0.01), while FEF25-75% showed a less striking correlation (P < 0.05).
Although nine patients had abnormally high pulmonary extravascular water volume ( > 120 ml/m2), and six patients had an arterial oxygen tension less than 70 mm Hg while breathing air, no significant linear correlation could be established between these parameters and the degree of abnormality in pulmonary mechanics (Table   V) .
Clinical and radiological findings. Four patients were in clinical class I, six in class II, and one in class III. 10 of the 11 patients studied in detail during the first 3 days after acute myocardial infarction had roentgenograms of the chest available for study. One patient showed no radiological evidence of left ventricular failure, two patients had minimal changes, five had moderate changes, and two had severe changes. The correlation of the clinical classification with FEV, (1, 6, 22 ). An original and more striking finding was the transient development of frequency dependence of RT (Table III, Fig. 4 ). For example, compared to measurements 2-3 wk after acute myocardial infarction, R3 was initially increased 115%, while at 9 cycle/s, resistance was increased only 50%. The following mechanisms deserve special attention as causes for these changes in lung function.
Decrease in lung volume. A decrease in lung volume will produce diminution of flow rates, increased RT, and frequency dependence of lung compliance (14, 23, 24) . Since frequency dependence of compliance and resistance are closely related phenomena (Fig. 2) , a decrease in lung volume would explain the development of frequency dependence of resistance in patients with acute myocardial infarction. Previous studies by other investigators have also noted a decrease in vital capacity with acute myocardial infarction and pulmonary congestion, so that this volume loss might explain the decrease in FEF (1, 11). However, RT is measured at functional residual capacity (FRC) or a volume slightly higher than FRC. Unfortunately, FRC was not measured in these patients, and measurements published by others do not clearly indicate if FRC increases or decreases with pulmonary congestion (25) (26) (27) . We therefore cannot exclude the possibility that the development of frequency dependence of resistance was secondary to a decrease in lung volume.
According to the data of Fisher, DuBois, and Hyde, the 60% rise in RT such as observed in our patients would require a 40% decrease in FRC if the change was entirely due to a loss in volume (14) . Such a large reduction in FRC seems unlikely. We therefore conclude that the elevated RT in acute myocardial infarction cannot be attributed solely to volume loss.
Bronchial constriction of major airways. Narrowing of major airways such as seen in bronchial asthma could account for the fall in FEF and the rise in RT ("cardiac asthma"). Bronchoconstriction of larger airways may increase lung volumes due to air trapped behind the site of constriction and may cause large increments in measured airway resistance, because these airways contain the major share of the resistance of airflow in the lungs (28, 29) . This mechanism was not supported by the finding that the rise in RT was small compared to the changes seen in bronchial asthma (30) . In addition, these subjects did not show any change in flow rates or RT after inhaling isoproterenol. Since the bronchoconstriction of asthma usually responds to this therapy, the lack of response to isoproterenol in our patients suggests that the mechanisms causing bronchoconstriction in patients with asthma does not commonly cause the decrease in flow rates or increase in RT observed in acute myocardial infarction.
Gravitational changes in pulmonary compliance and resistance. Regional changes in compliance or resistance due to gravitational forces could explain the development of frequency dependence of airway resistance (29) . Lung compliance decreases with pulmonary congestion and this decrease is probably greater in dependent zones where pathological changes are more marked (22, 31) . However, the degree of change reported in the dependent areas (6, 32) is probably not large enough to explain the degree of frequency dependence of pulmonary resistance observed in our subjects. For example, as shown in Fig. 2 , when the time constants of a lung with two compartments differ by a factor of 40, pulmonary resistance increases only twofold whefi the frequency is decreased from 10 cycle/s to 3 cycle/s. We have made additional calculations using the equations of Otis, et al. (18) , and they indicate that time constants of a two-compartment lung must usually differ by more than 10-fold to result in a 15% decrease in pulmonary resistance between 3 and 10 cycle/s. Since external scanning techniques of the lungs after acute myocardial infarction have not demonstrated alterations in ventilation suggestive of this degree of abnormality, additional mechanisms must be contributing to the observed frequency dependence of pulmonary resistance in this disease (6, 32 (29, 38) . In addition to regional alterations in ventilation, pulmonary congestion has been shown to result in closure of collateral channels of ventilation between pulmonary segments in dogs (39) .
Anatomic studies show that pulmonary congestion widens the alveolar walls so that the pores of Kohn would probably be closed (31) . Therefore, partially obstructed airways dependent upon collateral channels for adequate ventilation may become underventilated in the presence of pulmonary congestion due to closure of these collateral channels. The resultant alteration in airway time constants could account for the frequency dependence of pulmonary resistance seen in our subjects.
Recent studies in dogs with developing pulmonary edema, in which peripheral airway resistance was measured, demonstrated a rise in peripheral resistance which was most marked at low lung volumes (40) . Morphological studies in the same animals suggested that competition for space between arteries and small airways in the bronchovascular sheath accounted for the rapidly reversible increase in peripheral resistance observed at elevations of left atrial pressure up to 15 mm Hg. At higher left atrial pressures, elevation in peripheral resistance was "irreversible" and was attributed to interstitial and alveolar edema. Peribronchial edema with resultant narrowing of the airways in the bronchovascular sheath is a likely additional mechanism. These pathophysiological processes would be expected to result in uneven time constants in the peripheral airways and would cause the alterations in pulmonary mechanics seen in pulmonary congestion after acute myocardial infarction.
Interdependence of airways. Recent studies have demonstrated that the uniform distribution of airflow within the lungs is assisted by interdependence of airways, so that a unit with compromised structure maintains reasonably normal ventilation because of the tethering effects of its normal neighbors (41) . Pulmonary congestion and pulmonary edema could alter interdependence and thereby produce frequency dependence of pulmonary resistance. However, we are unaware of any attempt to determine the effect of pulmonary congestion on interdependence of airways. Relationship between alterations in hemodynamics and pulmonary function. Pulmonary extravascular water volume. The poor correlation between pulmonary extravascular water volume and other pulmonary and hemodynamic data was somewhat surprising. Determinations of pulmonary extravascular volume in animals indicate that the percent of total lung water measured by this method varies considerably with the mechanism used to induce pulmonary congestion (43) . Also, occlusion of pulmonary vessels decreases the observed pulmonary extravascular water volume (44) . Since patients with acute myocardial infarction and pulmonary congestion may stop perfusing parts of their lungs due to perivascular cuffing or other mechanisms, it is not surprising that the values of pulmonary extravascular water volume are at times lower than expected.
Hypoxia and RT. The development of frequency dependence of resistance and elevated values of RT in acute myocardial infarction would be expected to cause uneven distribution of ventilation to perfusion and arterial hypoxia. The arterial Po2 should, therefore, closely correlate with RT and the FDI. However, even though RT and pulmonary vascular pressures tended to be higher in the more hypoxic patients, significant correlations between arterial Pow and these parameters could not be demonstrated (Table V) . Studies by Kazemi, Parsons, Valencia, and Strieder (6) may partly explain the failure to find a significant correlation between arterial hypoxia and these parameters. They performed regional studies of pulmonary ventilation and perfusion, and showed that regional ventilation-to-perfusion ratios are actually more uniform in patients with acute myocardial infarction than in normal subjects, because of diminished pulmonary blood flow in the dependent zones of the lung. Since hypoxia is an extremely common finding in acute myocardial infarction, this mechanism must only modify rather than prevent arterial hypoxia. Mismatching of ventilation to perfusion may still be present within the gross zones analyzed by external scanning techniques. In addition, regional hypoxia, acidosis, or currently unidentified humoral or reflex mechanism may alter the airways and the pulmonary vasculature in a manner that tends to preserve normal distribution of ventilation to perfusion and thereby minimize arterial hypoxia (45) .
Correlations with clinical and radiological findings. The clinical classification of the patients showed a significant correlation with pulmonary wedge pressure and many of the tests indicative of airway obstruction. This study, therefore, confirms the value of the physical examination in detecting the physiological abnormalities accompanying pulmonary congestion. Surprisingly, the signs of congestion demonstrated by the roentgenograms of the chest only correlated with FEV and (FEF25-75%).
In contrast, McHugh and co-workers (12) , in a study of 30 patients, found that the abnormalities on the chest X-rays suggestive of pulmonary congestion had a reasonable correlation with the pulmonary wedge pressure and the arterial Po2. However, they suggested that the roentgenographic abnormalities may develop and clear more slowly than' the hemodynamic changes. The X-ray abnormalities could therefore be out of phase with the hemodynamic data, with a resultant poor correlation. In this study the failure to demonstrate a significant correlation between roentgenographic findings and many of the other parameters may be caused in part by this phase lag. In addition, in this study roentgenograms of the chest in only 10 patients were compared to the other indices, so that the sample size may have been too small to demonstrate a significant correlation.
Detection 
